The phagocyte NADPH oxidase system, as previously defined by cell-free reconstitution, is comprised of five essential components, three of which are produced during late phagocytic differentiation-namely, two cytosolic proteins, p47-and p67-phox-and the large subunit of cytochrome bSs8, gp91-phox. To confirm that these are the only phagocyte-specific components necessary for oxidase activity in whole cells, the recombinant NADPH oxidase was reconstituted in a heterologous cell line.
system was functionally reconstituted in transfected cells stimulated with phorbol myristate acetate or calcium ionophore. These easily transfected cells provide an ideal model system in which several oxidase components can be genetically manipulated and readily expressed. This system can be used to test the effects of mutations associated with any of the genes affected in chronic granulomatous disease and will faciliate studies on structure-function relationships within several oxidase components. This system will also aid in delineation of upstream regulators functioning through various signaling pathways. This is B US government work. There are no restrictions on its use.
phox are limited primarily to phagocytic lineages capable of generating s u p e r o~i d e .~*~. '~.~~ Functional reconstitution of this enzyme in a cell-free system with purified components has delineated minimum requirements for enzymatic acti~ity,'~,'~ namely, the two cytosolic components, Rac and the cytochrome b558. However, the extent to which the cell-free system mimics activation processes occurring in whole cells is unclear. The cell-free reconstitution has not provided information concerning the different signaling pathways involving protein kinase C or other kinases elicited by a variety of stimuli that lead to oxidase activation in
The physiologic relevance of anionic amphiphilic activators used in the cell-free system, such as arachidonic acid or sodium dodecyl sulfate (SDS), has not been established. Structural requirements within oxidase proteins also appear to differ in the whole cell and cellfree systems. For example, both SH3 domains in p67-phox are needed for oxidase activity and for p67-phox translocation to membranes in whole cells, while a truncated form of this protein that lacks both SH3 domains (residues 1-246) is active in vitr0.2~ Furthermore, translocation of the cytosolic components to membranes during activation was shown to be accompanied by phosphorylation of p 4 7 -p h 0 2~-~~ although phosphorylation is not required in the cell-free system.27*28 Therefore, expression of the multicomponent recombinant oxidase within a multipotent precursor cell would confirm minimum phagocyte-specific components necessary for activation and function in whole cells. This system would also enable delineation of functional and regulatory domains involved in assembly of the oxidase.
Although the genes for all the oxidase components have been ~l o n e d ; -~*~~.~' their specific roles in the assembled enzyme are poorly understood. Because of the restricted expression patterns of NADPH oxidase components, few transfectable cell models are available. B cells transformed with Epstein-Barr virus (EBV) use the same oxidase components identified in phagocytes to generate small amounts of superoxide." So far, EBV B cell lines derived from CGD patients deficient in single oxidase component have been used as transfectable cell m0dels,3'-~~ although these cells are neither easily transfected nor efficient for expression of oxidase pro- teins. The purpose of this study was also to establish an easily manipulated cell model to study the role of each oxidase component within the NADPH oxidase. This study represents the first reconstitution of the whole recombinant NADPH oxidase system in an early multipotent leukemic cell line by rapid and stable cotransfection of mammalian vectors encoding three engineered components of the oxidase: p47-, p67-, and gp91-phox.
MATERIALS AND METHODS

Cell Line
K562 cells'5 were grown in RPM1 1640-glutamine supplemented with 10% fetal calf serum (Life Technologies, Inc. Grand Island, NY), penicillin (100 U/mL), and streptomycin (100 pg/mL).
Subcloning of p47-, p67-, and gp91-phox in K562 Cell Lines All constructs were engineered in pREP4 or PREP10 (Invitrogen, San Diego, CA), episomal expression vectors that allow selection based on hygromycin resistance. Vector PREP10 was used previously to correct the oxidase in p67-phon-deficient CGD EBV B cells.z3 The cDNA encoding full-length p47-phox was amplified from p47-phox pBluescript clone 8a5 by the polymerase chain reaction using a primer that added a 5' Kpn I site. The amplified cDNA was digested with Kpn I and Nhe I within the 3' untranslated region to insert into pREP4. Full-length p67-phox cDNA was excised from pBluescript clone 10; using a 5' Not I polylinker site and an Nhe I site within the 3' untranslated region, and subcloned into pREP4 (Invitrogen). The full coding sequence for gp91-phox was excised from pBluescript clone 905T using a 5' BumHI site and Dru 1 site within the 3' untranslated region, and was subcloned into BumHIand Pvu 11-digested pREPI0.
Cotransfections
Transfections were performed by electroporation, as previously de~cribed?~ with the following modifications. K562 cells (1 0') were electroporated in the presence of 20 pg of each plasmid DNA at 250 V, 960 pF using a Gene pulser (Bio-Rad, Melville, NY). At 48 hours' posttransfection, IO5 cells per milliliter were selected for 5 days in complete medium containing 250 pg/mL hygromycin B and then maintained in 150 pg/mL hygromycin B.
Irnrnunoblotting
Cytosol fractions were obtained by differential centrifugation of sonicated cells4 and analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) (8% to 16% gel) immunoblot analysis for recombinant p67-and p47-phox production, as previously described.' Rac2 was detected using a rabbit polyclonal antibody raised against a carboxy-terminal sequence of Rac2 (Santa Cruz Biotechnology, Inc, Santa CNZ, CA; 1:200 dilution) and an alkaline phosphatase-conjugated goat anti-rabbit secondary antibody (Bio-Rad). SDS-PAGE (8% to 16%) immunoblots of membrane fractions were analyzed for both recombinant gp91-phox and endogenous p22-phon using mouse monoclonal antibodies (MoAbs) 449 and 48, respectively3' (provided by Dr Arthur J. Verhoeven, Netherlands Red Cross Blood Transfusion Service, Amsterdam, the Netherlands) and an enhanced chemiluminescence detection method (ECL; Amersham, Arlington Heights, IL). Gp91-phox was detected from immunoblotting membrane fractions that were treated with endoglycosidase F before electrophoresis, as previously described.39
Superoxide Production Assays
Chemiluminescence. Assays were performed as previously described" with 2 pg/mL phorbol myristate acetate (PMA) using an enhanced luminol-based substrate (DIOGENES; National Diagnostics, Atlanta, GA). Both experimental and superoxide dismutase (SOD)-inhibited control reactions were observed for 10 to 30 minutes at 37°C using a luminoskan luminometer (Labsystem, Hayward, CA).
Nitrobhe tetrazolium fNBT/ reduction. Cells (1.25 X 105) were resuspended in 100 pL of Hanks' balanced salt solution with Ca", Mgz+, 0.05% (wt/vol) NBT, and 2 pg/mL PMA in 96-well plates and incubated at 37°C for 30 minutes before assessing NBT reduction by formation of a dark blue formazan precipitate.
Double IrnrnunoJEuorescence Staining
K562 cells were spun onto slides (cytospin), fixed with 3.7% formaldehyde in phosphate-buffered saline (PBS) for IO minutes, and then permeabilized in 0.1 % Triton X-1 0 0 in PBS for 5 minutes at room temperature, as described.40 Nonspecific binding was blocked with a 1 :4 dilution of normal rabbit serum in PBS ( 1 hour). Cells were stained with mouse anti-p47-phox (MoAb 5017; gift from J.T. Curnutte, Genntech Inc, South San Francisco, CA) and goat polyclonal anti-p67-phox8 (both at a dilution of 1:500 in PBS) for 2 hours at 37°C in a humidified chamber. Secondary antibodies (dichlorotriazinylamino fluorescein [fluorescein]-conjugated rabbit anti-goat IgG F(ab')? and lissamine rhodamine sulfonyl chloride [rhodaminel-conjugated rabbit anti-mouse IgG [H+L, Jackson Immunoresearch, Westgrove, PA]) were both used at a dilution of 1:500 in PBS for 1.5 hours at 37°C. Cells were mounted in 10% polyvinyl alcohoVl0 mmoVL n-propyl gallate and observed by fluorescence microscopy.
RESULTS AND DISCUSSION
Superoxide production was assayed by SOD-inhibitable chemiluminescence using two different stimuli (PMA and A23187) after the selection of hygromycin B-resistant K562 cells. The enhanced luminol-based chemiluminescence assay was used due to its higher sensitivity compared with the cytochrome c reduction assay.23 After 4 days of selection (Fig l) , the amount of 0; produced by PMA-stimulated K562 cells cotransfected with all three constructs (pREP4p47, pREP4p67, and pREPlOgp91) was beyond the range of 0; generated by normal EBV-transformed B cells [chemiluminescence peak: 119 2 31.6 relative chemiluminescence units (RLU) 0.25 X lo6 cells, n = 5; v 34 2 20.8 RLW0.25 X lo6 cells, n = 7, respectively]. This activity in normal EBV B cells was equivalent to 3.7 2 2.05 nmol (n = 6) nmoles of superoxide per minute per lo7 cells, when calculated from the SOD-inhibitable reduction of cytochrome c (data not shown). Consistent with previous normal EBV B cell oxidase activity represented about 1% of human neutrophil activity, while cotransfected K562 cells produced four times more superoxide than did EBV B cells. In contrast to the wide range of oxidase activity exhibited by a number of normal EBV B cell lines tested, the amount of superoxide produced by transfected K562 cells was within a relatively narrow range. In addition to the higher yield of superoxide, the reproducible baseline of oxidase activity observed in the cotransfected K562 cells offers significant advantages over EBV B cells, particularly in experiments designed to compare activities of structurally modified forms of these oxidase components.
Both cell lines exhibited distinct kinetics of oxidase activation (Fig l) . Like neutrophils, the transfected K562 cells showed a plateau in activity within 5 to I O minutes of activation, while the peak of activity observed in EBV B cells occurred between 20 and 30 minutes. Stimulation of control untransfected K562 cells with PMA did not result in any superoxide production, and omission of transfection of any one of the three oxidase genes resulted in a complete absence of superoxide generation. These findings confirm that all three genes, gpgl-, p47-, and p67-phox. are essential to reconstitute oxidase activity and that they are the only phagocyte-specific genes needed for activation of oxidase assembly and function in whole cells.
Stimulation of cotransfected K562 cells with 8 ymol/L calcium ionophore (A23 187) yielded low, albeit significant, levels of superoxide anion that were also dependent on cotransfection with all three genes. In contrast to EBV B cells, concanavalin A stimulation of cotransfected K562 cells also resulted in limited superoxide production. However, both agents elicited only a fraction of the activity observed with PMA stimulation ( I % to 2% and 0.1%. respectively: data not shown).
To further characterize these oxidase gene constructs, several EBV B cell lines derived from all four genetic subtypes of CCD patients were also transfected. Full restoration of
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oxidase activity relative to seven normal EBV-transformed B cell lines was observed with three of the four oxidase components (p22-, p47-, or p67-p/?ox: Fig 2) . Low levels of activity previously reported in studies that used similar EBVbased episomal vectors to transfect p22-and p47-phox-deficient EBV B cells72.37 may be explained by the use of different promoters (Rous sarcoma virus LTR in PREP v SV40). Only partial restoration was achieved when gp91-phox cDNA in pREPlO was transfected into EBV B cells from X-linked CGD patients. suggesting that a similarly low level of expression of gp9 1 -phox in cotransfected K562 cells might represent the limiting factor affecting superoxide yield.
A major disadvantage of the EBV-B cell transfection model has been low transfection and slow growth rates. After transfection, these CCD EBV B cells typically required greater than 3 weeks of hygromycin selection and a subsequent growth period of at least 2 weeks to obtain a sufficient number of cells for superoxide production assays." Resistant colonies of EBV B cells transfected with retroviral vectors containing p47-or gp91-phox also required selection for 2 to 6 week^.^'.'^ In contrast, the cotransfected K562 cells required only 3 days of selection in hygromycin to obtain a maximum in superoxide production by chemiluminescence, For personal use only. on August 16, 2017. by guest www.bloodjournal.org From suggesting that a high transfection efficiency was achieved and that a significant number of cells coexpressing the three genes was already selected. After selection, the amount of superoxide produced was reproducible at any given time posttransfection. This activity persisted even a month after poration, where it represented about one half of the activity seen 5 days after transfection (data not shown). This gradual decrease can be attributed to the absence of unique selectable markers necessary to retain all three essential gene constructs within the same cell. We have explored cotransfection protocols using more than one selectable marker for independent expression of more than one oxidase gene. The neomycin resistance gene in PREP 9 (Invitrogen) was less advantageous, in that it required at least 2 weeks of selection process with G418. The short selection process required for cotransfection of all three genes linked to hygromycin resistance, together with the high transfection efficiency, rapid growth rate, and consistent yield of superoxide of K562 cells, enables rapid and reproducible reconstitution of a functional recombinant oxidase within a week of electroporation.
The number of K562 cells containing all three gene constructs within the same cell was determined by an NBT reduction assay after PMA stimulation, which permits staining of single cells capable of producing superoxide by formation of an insoluble formazan product that can be quantitatively assessed by cell counting in a hemocytometer chamber (Fig 3) . After 4 days of selection, a significant and relatively constant number of cells produced superoxide in six separate transfection experiments (25.2% 5 5.6%). Both stimulated-untransfected and nonstimulated-cotransfected cells were devoid of NBT staining. Using double-labeling immunofluorescence staining of cotransfected K562 cells (Fig 4) , about 35% of the cells stained strongly for both cytosolic components together (p47-and p67-phox). Untransfected K562 cells, as well as control cotransfected cells probed without primary antibodies, were totally devoid of fluorescence. A number of cells also stained strongly positive for either component alone or weakly positive for both. Together, these data indicated that a consistent number of cells were capable of rapidly coexpressing the three genes and producing superoxide at considerably higher levels than EBV B cells.
Production of both recombinant cytosolic components was also determined by immunoblotting of K562 cytosol with p67-and p47-phox antibodiesU (Fig 5A) . Transfected K562 cells produced both components in significantly higher quantities than EBV B cells, especially H7-phox. Cells in which transfection of cytosolic factor genes were omitted did not produce any detectable amounts of the corresponding proteins.
The presence of the small GTPase necessary for NADPH oxidase activity was c o n h e d by immunoblotting untransfected K562 cytosol with Racl and Rac2 peptide antibodies. Endogenous Rac2 was detected in the cytosol of untransfected K562 cells at levels comparable with neutrophils, based on equivalent cell number loadings ( Fig  5D) . Like neutrophils, Racl was not detected in K562 cells with this antibody reagent (data not shown), although a role for Racl in the oxidase was noted in macrophages?
A low level of recombinant gp91-phox protein was detected in transfected K562 cells with the mouse MoAb 4g3* (Fig 5B) . No gp91-phox protein was detected in nontransfected cell membranes. In contrast to earlier findings, where p22-phox transcript but not the protein was observed in untransfected K562 cells," we did detect low levels of endogenous p22-phox protein with mouse MoAb 44938 ( Fig  5C) . The endogenous p22-phox levels did not appear to be affected by recombinant gp91-phox expression in K562 cells. Several investigators have noted the absence of both For personal use only. on August 16, 2017. by guest www.bloodjournal.org From cytochrome subunits in neutrophils from CGD patients with genetic lesions that affect production of either cytochrome s u b~n i t s :~~~'~~~ suggesting that the cytochrome is stabilized in the heterodimeric form. In contrast to the rescue of 91-phox expression observed after transfection of p22-phox cDNA in p22-deficient CGD EBV B cells:' we saw no evidence for p22-phox stabilization by gp91-phox expression in the transfected K562 cell model. Thus, this apparent lack of an interdependence of expression of gp91-and p22-phox in this transfected cell model may not permit assessment of mutations that affect stability of cytochrome b558 in other cells.
To directly assess whether recombinant cytochrome from cotransfected K562 cells was functional, cell-free oxidase activity was assayed by combining K562 cell membranes with neutrophil cytosol. Membranes from transfected K562 cells complemented neutrophil cytosol in generating superoxide in vitro, while untransfected cell membranes did not (data not shown). Thus, transfection of gp91-phox cDNA was an absolute requirement for reconstitution of NADPH oxidase activity both in whole K562 cells and in membranes preparations tested in vitro with neutrophil cytosol. This activity was 1 S% to 2% of the activity seen with an equivalent amount of neutrophil membranes, again suggesting that membrane cytochrome content was the limiting factor in transfected K562 cells.
Results obtained by increasing the amount of p22-phox by transfection of p22-phox cDNA along with the other three oxidase genes in K562 cells suggested that endogenous levels of p22-phox did not limit oxidase activity reconstituted in these cells. In this case, the overexpression of p22-phox actually resulted in a significantly lower oxidase activity (10% of maximum activity yielded with the three other oxidase genes; data not shown). In these cells, a higher level of expression of recombinant p22-phon was confirmed by Western blotting. Cotransfection with an irrelevant cDNA in place of the p22-phox cDNA, such as the vector alone or pREPCAT, along with the other oxidase genes (gp91-, p67-, and p47-phon) also resulted in a similar decrease in oxidase activity and a corresponding decreased number of oxidase-competent cells (data not shown). These results can be explained by the decreased probability of all three essential genes being coexpressed in the same cell, likely due to the dilution of the DNA mixture by an additional construct that also endows hygromycin resistance. However, as enhanced production of p22-phox did not result in any increase in oxidase activity over that observed with transfection with a nonspecific cDNA, it appears that the endogenous p22-phox is sufficient for maximum superoxide generation, and gp91-phox is likely to be the limiting component in the recombinant oxidase system produced in these cells.
This very flexible whole-cell model possesses ovenvhelming advantages, including high and consistent transfection efficiencies, a rapid host cell growth rate, short selection periods, high levels of production of recombinant proteins, reproducible yields of superoxide, and the potential for genetically manipulating the structures of three oxidase proteins within the same transfected cell. This system will permit a rapid assessment of functional consequences of mutations in three of the four genes affected in CGD. We have recently shown an effect of overexpressed mutated p22-phox on p47-phox translocation in cotransfected K562 demonstrating that mutations in the fourth component can also be studied with this cell assay system.
The reconstitution of an active NADPH oxidase system in this erythroleukemia line has confirmed that p47-, p67-, and gp9l-phon are the only phagocyte-specific components needed for function in whole cells. This model system will also allow the identification of other phagocyte-specific upstream signaling molecules involved in various oxidase activation pathways triggered in response to a variety of stimuli.
